Activation of Bax or Bak is essential for the completion of many apoptotic programmes. Under cytotoxic conditions, these proteins undergo a series of conformational rearrangements that end up with their oligomerization. We found that unlike inactive monomeric Bax, active oligomerized Bax is partially resistant to trypsin digestion, providing a convenient read out to monitor Bax activation. Using this assay, we studied how the lipid composition of membranes affects tBid-induced Bax activation in vitro with pure liposomes. We report that Bax activation is inhibited by cholesterol and by decreases in membrane fluidity. This observation was further tested in vivo using the drug U18666A, which we found increases mitochondrial cholesterol levels. When incubated with tBid, mitochondria isolated from U18666A-treated cells showed a delay in the release of Smac/Diablo and Cytochrome c, as well as in Bax oligomerization. Moreover, pre-incubation with U18666A partially protected cells from stressinduced apoptosis. As many tumours display high mitochondrial cholesterol content, inefficient Bax oligomerization might contribute to their resistance to apoptosis-inducing agents.
Among the stimuli that lead to apoptosis, a series of stress conditions trigger the permeabilization of the mitochondrial outer membrane (MOM) and the release of pro-apoptotic factors that will activate caspases in the cytosol. This so-called intrinsic apoptotic pathway is tightly regulated by proteins of the Bcl-2 family, among which the pro-apoptotic members Bax and Bak are essential. They seem to be the central players whose activation results in MOM permeabilization.
Under resting conditions, whereas Bak essentially resides in the MOMs, Bax is found in loose association with membranes (mainly the MOMs) or as a soluble protein in the cytosol. Following many cytotoxic signals, Bax and Bak undergo a series of conformational rearrangements. 1 Bax translocates to mitochondria and inserts into the MOMs in a form that cannot be detached by alkali treatment. Bax and Bak then uncover N-terminal epitopes and oligomerize. Oligomerization, shown by size exclusion chromatography, 2 crosslinking experiments 3, 4 and native gel electrophoresis, 5 appears as the critical step resulting in MOM permeabilization. However, despite many efforts, it remains unclear how each of these conformational rearrangements is regulated, and how Bax/Bak oligomerization leads to the release of mitochondrial apoptogenic factors. Both processes are undoubtedly regulated by other members of the Bcl-2 family, 6, 7 but the participation of many unrelated proteins was also proposed. 8 While a BH3-only protein appears to be sufficient for Bax to oligomerize in synthetic liposomes, 9, 10 additional proteins could be required for its activation in isolated mitochondria. 11 These might directly interact with Bax, and/or modify the membrane properties to allow its oligomerization. Interaction with mitochondrial lipids is indeed an important parameter to consider as the final conformational rearrangements that Bax and Bak have to undergo occur in a lipid bilayer. 12 Recent studies started to underscore the fact that lipids play key roles in MOM permeabilization. 1 Many groups immediately focused on cardiolipin, initially because it mediates the binding of Cytochrome c to the mitochondrial inner membrane, and then again as it appears to be important for the activities of some members of the Bcl-2 family. 13 Cardiolipin has often been shown to redistribute during apoptosis, and to be rapidly metabolized by oxidation and hydrolysis, which could be important for the release of mitochondrial apoptogenic factors. [14] [15] [16] The influence of other lipids on the process of MOM permeabilization has so far been essentially studied in vitro by looking at the permeabilization of artificial liposomes by activated Bax, 10, 17 but probably because of difficulties associated with manipulating lipid levels in vivo, these studies were not pursued in cells. Moreover, an adequate Bax activation assay, allowing a reliable indication of the efficiency of its oligomerization, was missing. We developed a new method to detect oligomerized Bax, suitable to compare the degree of Bax oligomer formation under different conditions. Our in vitro studies show that Bax activation is inhibited by cholesterol and by decreases in membrane fluidity. These observations were confirmed in vivo, as treatment of HeLa cells with the drug U18666A led to the accumulation of cholesterol in mitochondrial membranes and delayed not only tBid-induced MOM permeabilization of isolated cholesterolenriched mitochondria, but also Bax oligomerization. In agreement with this, pre-incubation of HeLa cells with U18666A increased their resistance towards apoptosis-inducing agents.
Results
Oligomerized Bax is partially resistant to trypsin. Since Bax oligomerization has been directly associated with MOM permeabilization, the best way to assess Bax activation is by looking at its oligomerization. We have found that formation of Bax oligomers can be detected by analyzing the resistance of Bax to trypsin. As reported previously, when apoptosis was induced in HeLa cells by UV exposure, the level of Bax in mitochondria increased (Figure 1a ). Mitochondria were then digested with trypsin and Bax was analyzed by immunoblotting. Bax could no longer be detected in control samples, whereas a trypsin-resistant Bax fragment (Tr-Bax) was found in samples from apoptotic cells. This Bax fragment (Tr-Bax) was not recognized by antibodies directed against the N-terminal end of Bax (data not shown), suggesting that the cleavage occurred between the epitopes recognized by the two different antibodies, probably at R34 or R37 of human Bax (Supplementary Figure 1) . This is consistent with the conformation of activated Bax: cleavage of an exposed N-terminal epitope, 18 and oligomerization, which would block access of trypsin to its potential cleavage sites. In support of this model, while untreated recombinant monomeric Bax was degraded by trypsin, Bax pre-incubated with octyl glucoside, which artificially triggers formation of Bax oligomers that can induce MOM permeabilization, 19 was partially resistant to trypsin proteolysis (Figure 1b) . In contrast, Bax unfolded and aggregated by heating was completely degraded by trypsin (Figure 1c) . 20 These observations suggest that partial resistance to trypsin is a characteristic feature of an active form of Bax oligomers.
Resistance to trypsin proteolysis can be used to study tBid-induced Bax oligomerization in vitro. Taking advantage of the resistance of oligomerized Bax to trypsin digestion, we set up an in vitro assay to examine the process of Bax activation induced by the BH3-only protein tBid. Synthetic MOM-like liposomes were incubated with recombinant Bax (His-tagged full-length Bax) in absence or presence of tBid, and unbound proteins were removed by ultracentrifugation. The fraction of Bax bound to liposomes . Proteins were solubilized with CHAPS, separated by size exclusion chromatography, and the elution profile of Bax was analyzed by immunoblotting. For each condition, even-numbered fractions were loaded on two separate gels; a short exposure time was chosen for the low molecular weight fractions (30-44), and a longer one for the high molecular weight fractions (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) and its sensitivity to trypsin digestion were analyzed by immunoblotting. The presence of tBid was required for the recruitment of Bax to liposomes and led to the appearance of a Tr-Bax fragment (Figure 1d ). Similarly to the permeabilization of membranes induced by tBid-activated Bax, 9, 21 Tr-Bax formation was dependent on the concentration of tBid, and did not occur upon incubation with a mutant tBid, tBidmIII-2 (IGDE-AAAA), which has an intact membranebinding region but no functional BH3 domain ( Supplementary  Figure 2a and b) . In addition, similarly to the inhibition of Bax insertion and oligomerization by antiapoptotic members of the Bcl-2 family, 4, 9 Tr-Bax formation was inhibited by recombinant His-tagged Bcl-x L lacking its C-terminal tail (Supplementary Figure 2c) . Bcl-x L also prevented the association of tBid with liposomes, perhaps sequestering it in a soluble complex. This could be specific to the recombinant Bcl-x L used, which, lacking its C-terminal helix, has a free hydrophobic pocket that may be occupied by the BH3 motif of tBid. Extensive digestion of the samples (either by using a higher trypsin concentration or with a longer incubation time) led to the disappearance of Figure 4a and b) ; conversely, analysis of Tr-Bax by size exclusion chromatography confirmed that it only eluted in high molecular weight fractions (Supplementary Figure 4c) . Partial trypsin digestion was directly linked to the quaternary structure of Bax and did not simply result from a protection by the bilayer in which Bax was embedded, as Tr-Bax was still produced if trypsin digestion was performed on proteins that had been extracted from liposomes with CHAPS (Supplementary Figure 5) . In the presence of CHAPS however, a smaller Tr-Bax fragment was finally obtained, suggesting, as previously observed with OG (Figure 1b) , that detergents slightly unfold the oligomer, making additional sites more accessible to trypsin.
Collectively, these experiments show that the amount of Tr-Bax formed is representative of the efficiency of Bax oligomerization. This in vitro assay thus represented a suitable tool to study how the characteristics of liposomes affect the process of tBid-induced Bax activation. Figure  6 ) nor its degree of insertion, as the fraction of Bax remaining in membranes after an alkali treatment even increased slightly when cholesterol was included in the assay (Figure 2b) . Similarly, the presence of cholesterol appeared to promote the binding of tBid to liposomes (Figure 2a) , and also to slightly potentiate the binding of recombinant Fis (Figure 2c ), a mitochondrial protein with a single transmembrane domain and which can insert in the MOMs of isolated mitochondria (data not shown). While Bax displayed decreased resistance to trypsin digestion in presence of cholesterol, Fis was completely degraded using both types of liposomes, showing that cholesterol did not directly impact on the activity of trypsin (Figure 2c ).
Activated Bax was previously shown to provoke membrane permeabilization of synthetic liposomes, allowing the release of large dextrans contained within them. 9, 10 We therefore entrapped 20 kDa FITC-labeled dextrans (FD20) in liposomes, and measured the amount of FD20 released in the supernatants upon incubation with Bax, tBid or a combination of the two (Figure 2d ). Bax and tBid were both required for the efficient permeabilization of liposomes. In agreement with its effect on Bax oligomerization, cholesterol significantly inhibited FD20 release. Together, these data suggest that cholesterol specifically hinders the process of Bax oligomerization, impacting on membrane permeabilization. As cholesterol did not inhibit the insertion of Bax in bilayers, and as this process requires tBid, it seems unlikely that cholesterol simply prevented the interaction between the two proteins.
We then used steady state fluorescence anisotropy to look at the effects of cholesterol on the fluidity of such liposomes. 22 At 20%, cholesterol significantly increased the anisotropy of the fluorescent hydrophobic probe 1,6-diphenyl-1,3,5-hexatriene (DPH), indicating a decrease in the fluidity of the membrane ( Figure 2e ). Cholesterol is a well-known regulator of membrane fluidity, as is the degree of unsaturation of the fatty acyl chains of phospholipids. While saturated fatty acyl chains can be tightly packed together, unsaturations create kinks, decreasing lateral packing and membrane order. Natural lipids used for the experiments described above contained a majority of mono-and di-unsaturated fatty acyl chains. Similarly, liposomes composed of mono-unsaturated dioleoyl-phosphatidylcholine (DOPC, C18:1), and beef heart cardiolipin (essentially substituted with di-unsaturated linoleates, C18:2) sustained tBid-induced Bax binding and oligomerization ( Figure 2f Collectively, these experiments suggest that decreasing the fluidity of membranes appears to specifically reduce tBidinduced Bax oligomerization without inhibiting Bax insertion into liposomes.
Treatment of HeLa cells with U18666A leads to the accumulation of cholesterol in mitochondria. To validate our in vitro data in vivo, it was first essential to modulate mitochondrial cholesterol levels. U18666A is a drug that induces intracellular cholesterol accumulation, an abnormality that is encountered in Niemann-Pick Type C1 disease. It interferes with the trafficking of cholesterol, causing its increase in late endosomes/lysosomes, 23, 24 and inhibits its neosynthesis in the ER. 25 A recent study reported the accumulation of cholesterol in the mitochondria of neurons isolated from an Niemann-Pick Type C1 mouse model, 26 raising the possibility that U18666A might also increase mitochondrial cholesterol content. We therefore incubated HeLa cells with U18666A, isolated mitochondria, and analyzed their lipid composition by thin-layer chromatography (Figure 3a and b) . The level of free cholesterol was increased by about 25%, leaving the amounts of the major phospholipids essentially unchanged. We also used an assay based on the quantification of H 2 O 2 formed upon cholesterol oxidation and observed a rise in the total cholesterol content of mitochondria isolated from U18666A-treated cells by about 50% (Figure 3c) . The difference between the two results is partly explained by the contribution of esterified cholesterol to the latter quantification.
Formation of a lighter buoyant fraction of lysosomes was reported when fibroblasts were incubated for over a day with U18666A. 23 We therefore ran crude mitochondrial fractions on continuous 8-48% sucrose gradients and analyzed the distribution of mitochondrial proteins by immunoblotting (Figure 3d ). Mitochondria isolated from control cells were mainly found in pellets, but those isolated from U18666A-treated cells were more concentrated in fractions corresponding to 48-43% sucrose, indicating that incubation with U18666A led to a significant decrease in the density of mitochondria. In compensation for this change, the proportion of other heavy organelles such as peroxysomes increased in the pellet, as shown by immunoblotting with an antibody directed against Catalase (Figure 3d ). Treatment with U18666A did not, however, induce any gross change in mitochondrial morphology (Figure 3e ), nor did it alter the expression levels of various mitochondrial proteins (Figure 3f) . Moreover, the degree of contamination of crude mitochondrial preparations by various intracellular organelles was similar when prepared from untreated or from U18666A-treated cells (Supplementary Figure 7) .
Together, these observations show that pre-incubation of HeLa cells with U18666A is an adequate way to increase mitochondrial cholesterol content. Notably, U18666A exposure did not affect processes that are known to modulate the sensitivity of cells to apoptosis, such as the morphology of mitochondria or the expression levels of pro-and anti-apoptotic proteins.
Cholesterol-enriched mitochondria are less sensitive to tBid-induced MOM permeabilization. Addition of tBid to isolated mitochondria was previously shown to be sufficient to activate endogenous Bax and to trigger MOM permeabilization. 4, 21 We isolated crude mitochondria from control and U18666A-treated HeLa cells and incubated them with recombinant tBid. Smac/Diablo and Cytochrome c release from cholesterol-enriched mitochondria were delayed (Figure 4a) . We assayed Bax activation initially by looking at the amount of Bax remaining in a membrane pellet after incubating the mitochondria in an alkaline carbonate solution, and then by testing its resistance to trypsin. Bax insertion was more efficient in cholesterol-enriched mitochondria (Figure 4b) . However, the formation of Tr-Bax was delayed in mitochondria isolated from U18666A-treated cells (Figure 4c ), suggesting that Bax oligomerization is specifically slowed down by a rise in the cholesterol content of mitochondria.
Recent reports indicated that U18666A might have direct effects on the properties of membranes. 27 We therefore repeated this in vitro assay with control mitochondria that had Figure 8) .
Collectively, these observations indicate that, in agreement with data obtained with synthetic liposomes, accumulation of cholesterol in mitochondrial membranes inhibits Bax oligomerization. Moreover, they support a Bax activation model in which Bax insertion is not necessarily accompanied by its oligomerization and MOM permeabilization. 28 HeLa cells treated with U18666A are less susceptible to apoptosis-inducing agents. To test if an accumulation of cholesterol in mitochondria also modulates the sensitivity of cells to cytotoxic agents, HeLa cells treated with U18666A were incubated with actinomycin D and were fractionated at different time points. In agreement with data obtained in vitro, Cytochrome c and Smac/Diablo release from mitochondria were delayed in U18666A-treated cells in comparison to control cells (Figure 5a and b) . This delay was also clearly seen in the pattern of activation of caspase-3 ( Figure 5c ). When looking at Bax activation, its insertion in the MOM was similar under both conditions and at all times tested (Figure 5d ), but it became resistant to trypsin degradation more quickly in control cells (Figure 5e ), further supporting data obtained in vitro.
To quantify the protection provided by U18666A, we then treated cells with two apoptotic stimuli, actinomycin D or staurosporine, and assayed apoptosis by Annexin-V staining and FACS analysis. Pre-incubation of cells with U18666A significantly delayed Annexin-V labelling (Figure 5f ). This protection was however only moderate, probably because U18666A perturbs cholesterol homoeostasis at multiple levels and has side effects deleterious for cells.
The protection provided by treatment with U18666A was specific to mitochondria-dependent apoptotic stimuli. Indeed, U18666A rather increased the sensitivity of 293T cells to FasL, which promotes cell death independently of mitochondria (Supplementary Figure 9) .
Together, these data show that treatment of HeLa cells with U18666A increases their resistance to apoptosis-inducing agents, partly because of an inhibition of Bax oligomerization.
Discussion
In this article, we describe a new method to assess Bax oligomerization, based on the observation that unlike monomeric Bax, oligomeric Bax is partially resistant to trypsin degradation. This allowed us to study in vitro how the composition of liposomes influences Bax oligomer formation, and to dissociate Bax oligomerization from its insertion in lipid bilayers. A similar assay could be developed for Bak, and would help to better understand its activation process. However, difficulties in purifying full-length Bak would require tests to be performed with in vitro translated Bak, or in isolated mitochondria with the endogenous protein.
We observed that Bax activation is modulated by the fluidity of the lipid bilayer and that increasing the cholesterol/ phospholipids mass ratio to 25%, significantly inhibits tBidinduced Bax oligomerization and decreases the membrane permeabilization that follows. Cholesterol prevents Bax activation after its insertion into the MOMs, but prior to its oligomerization, and does not inhibit tBid-induced recognition of Bax by N-terminus-specific antibodies (data not shown). These observations support the notion that Bax activation can be regulated late in the course of its sequential conformational rearrangements. 5, 28 Membrane order might in fact stabilize monomeric Bax in one of its intermediate conformations.
Following exposure to cytotoxic agents, Bax was shown to insert in membranes with at least three transmembrane helices. 28 However, it remains unclear if they insert simultaneously or if the C-terminal helix precedes the others. It would be interesting to use the mutant Bax proteins described by Annis et al., 28 and to test if any insertion events are affected by cholesterol.
In mammalian MOMs, the cholesterol/phospholipid mass ratio was reported to be between 3 and 24%. 29 In the plasma membrane, cholesterol has the well-known capacity to induce formation of ordered microdomains, characterized by their resistance to detergent-induced solubilization. Some mitochondrial proteins were recently reported to remain insoluble under similar conditions, suggesting that analogous lipid rafts might be present in mitochondrial membranes. 30 If such microdomains exist in the MOMs, our results suggest that membrane order might locally impede Bax oligomerization. However, treatment of mitochondria isolated from human The mitochondrial pellets were further treated with an alkaline solution of sodium carbonate, ultracentrifuged, and the pellets were analyzed by immunoblotting to look at the insertion of Bax and tBid in the membranes. SLP-2 was used as a loading control. (c) Alternatively, the mitochondrial pellets were digested with trypsin and the resistance of Bax to proteolysis was analyzed by immunoblotting. Blots are representative of at least four independent experiments lymphoblastoid cells, with the cholesterol chelator methylb-cyclodextrin (Mbc, 500 mg/ml) was reported to lead to cholesterol depletion and to inhibit tBid-induced Cytochrome c release, leading the authors to propose that cholesterol-rich MOM microdomains might be essential for MOM permeabilization. 30 Unpublished results from our group show that at this concentration Mbc prevents tBid-induced MOM permeabilization, but does not modify the cholesterol content of HeLa mitochondria, suggesting that the effect of Mbc on MOM permeabilization might not be due to cholesterol depletion.
During apoptosis, activated Bax does not spread evenly on the whole surface of mitochondria but displays a punctuate distribution. These foci were reported to coincide with proteins of the mitochondrial fission machinery. 31 This could indicate that Bax needs to cooperate with fission proteins to permeabilize MOMs. An alternative, but not mutually exclusive possibility, is that it reflects the specific association of oligomerized Bax with some lipid microdomains, and/or its exclusion from others. Our results suggest that exclusion of Bax from ordered MOM regions is important for its proper activation. The existence of lipid microdomains might also be important for mitochondrial fission. Mitochondrial fission requires local bending of lipid bilayers, which appears to be disfavoured in ordered membrane microdomains. 32 These in vitro observations prompted us to test whether increasing cholesterol levels in mitochondria would also alter Bax activation in vivo and consequently retard cell death. We used U18666A as a tool to increase mitochondrial cholesterol levels and to test the validity of our in vitro results in a more physiological system. We showed in HeLa cells that U18666A promotes a rise in the mitochondrial cholesterol content. This enrichment was associated with a reduced capacity of isolated mitochondria to sustain tBid-induced Bax oligomerization and MOM permeabilization, thereby validating data obtained with liposomes. A similar delay in Bax activation and cell death was observed in U18666A-treated cells exposed to Bax/Bak-dependent apoptotic stimuli. The beneficial antiapoptotic effect provided by increased mitochondrial cholesterol levels was probably minimized by concomitant toxic sideeffects exerted by U18666A. 27, 33 This toxicity was revealed in a model of Bax/Bak-independent apoptosis as the compound was found to accelerate the death of 293T cells exposed to FasL. Therefore, although we present U18666A as a suitable tool to modulate mitochondrial cholesterol levels and to delay Bax activation and MOM permeabilization, its antiapoptotic properties are limited due to its toxic effects.
Interestingly, many tumour cells were reported to have high levels of cholesterol in their mitochondrial membranes. [34] [35] [36] [37] The accumulation of cholesterol in the mitochondria of tumour cells was proposed to increase their resistance to large amplitude swelling, 38 decrease proton leak across the mitochondrial inner membrane, 34 and to modify the activities of several transmembrane proteins. 37, 38 We have now shown that high amounts of cholesterol in mitochondrial membranes can also inhibit Bax activation in a tumour cell line (HeLa cells), and increase its resistance to stress-induced apoptosis. This mechanism could contribute at least in part to the proapoptotic activity of statins, which are inhibitors of the ratelimiting enzyme of the mevalonate pathway involved in the synthesis of cholesterol, and which are under clinical trial as chemotherapeutic agents. 39 Previous studies suggested that lipids modulate the process of MOM permeabilization; our in vitro and in vivo experiments now reveal that Bax oligomerization is tightly controlled by the physical properties of bilayers. MOM permeabilization is crucial for the completion of many apoptotic programmes, and it is becoming clear that its comprehension will require a better understanding of the process, integrating both protein and lipid partners. The fact that many cancer cells have increased mitochondrial cholesterol levels could be associated with an increased resistance towards Bax activation, and understanding how mitochondrial cholesterol levels are regulated, could allow the discovery of new routes to impact on their survival.
Materials and Methods
Recombinant proteins. Recombinant His-Bax, caspase-8-cleaved Bid and BidmIII-2 (I92A, G93A, D94A and E95A) and His-Bcl-x L lacking its C-terminal domain were purified as described previously. 21, 40, 41 His-tagged recombinant human Fis was cloned in pTYB1 vector (New England Biolabs) with a C-terminal intein-chitin ending, and expressed in Escherichia coli. Cells were lysed in the presence of 1% deoxycholic acid and 1% IGEPAL, and broken mechanically with a French press (SLM Instruments Inc.). After centrifugation, the bacterial extracts were loaded on a Nickel-nitriloacetic acid-agarose column, washed with 25 mM Hepes pH 8, 500 mM NaCl, 0.5% IGEPAL, and eluted with imidazole (200 mM). Fis-containing fractions were then loaded on a column filled with chitin beads (New England Biolabs), and eluted in the presence of 50 mM DTT to cleave the intein-chitin tag. Fis was then dialysed against 25 mM Hepes pH 7.5, 1% CHAPS, 0.5 M NaCl and 5 mM b-mercaptoethanol, and aliquots were stored at À801C.
Cell culture and apoptosis induction. HeLa cells (European Collection for Cell Cultures) and 293T cells were grown in DME supplemented with 10% FCS, 100 u/ml penicillin, 0.1 mg/ml streptomycin, 2 mM glutamine, and maintained in 5% CO 2 at 371C. Cell culture reagents were from Sigma. Twenty-four hours after plating, U18666A (3-b-[2-(diethylamino)ethoxy]androst-5-en-17-one, 3 mg/ml in water, Biomol) was added to the medium and left for 48 h before experiments were undertaken. Apoptosis was induced with UV using a UV Stratalinker 2400 apparatus (Stratagene), with actinomycin D (3 mM, Sigma), with staurosporine (1 mM, Sigma), or with FasL (50 ng/ml, R&D Systems) and cycloheximide (10 mM, Sigma).
Cell fractionation and mitochondria isolation. Crude mitochondria and cytosolic extracts were prepared from HeLa cells using a protocol similar to the one described in Parone et al. 42 In brief, cells were mechanically broken three times using a 2 ml glass/glass Dounce homogenizer (Kontes) (20, 15 , and 15 strokes). Homogenates were cleared at 1500 g and mitochondria were spun down at 10 000 g. Protein concentrations were measured with a Bradford assay (Bio-Rad Laboratories). Proteins in the supernatants (cytosolic fractions) were precipitated with TCA (10%, 30 min on ice). Samples were either directly analyzed by immunoblotting or mitochondria were processed for further tests.
Immunoblotting and immunocytochemistry. Samples were separated in polyacrylamide gels and transferred to Hybond-P membranes (Amersham Pharmacia). Immunoblotting was performed with the following antibodies: Bax (BD-Pharmingen), tBid (R&D Systems), Fis and Caspase-3 (Alexis Biochemicals), polyclonal Cytochrome c, Smac/DIABLO (ProSci Inc.), Bcl-x L (Transduction Laboratories), Bak (Upstate Biotechnology), polyclonal SLP-2 (Da Cruz S, in preparation), VDAC (Santa Cruz Biotechnology), Tom22 and Catalase (Sigma), Aldolase (Chemicon), Calnexin and Lamp1 (Affinity Bioreagents), SKL (Zymed Laboratories), Rab5 (gift from Reinhard Jahn), GS28 (StressGen Biotechnologies Corp.). Secondary antibodies (antimouse and antirabbit from DakoCytomation, antigoat from Santa Cruz Biotechnology) were coupled to horseradish peroxidase and signals were detected by ECL. For quantifications, images were acquired using a CCD camera-based system (GeneGnome, Syngene) and band intensities were quantified using ImageJ. They were then normalized with the intensities of the bands associated with SLP-2, and U18666A-treated/-untreated ratios were calculated. Statistical analysis was performed with a paired Student's t-test.
Immunocytochemistry with a monoclonal Cytochrome c antibody (BD-Pharmingen) was performed essentially as described previously. 42 Liposome preparation and in vitro Bax activation assay. Egg yolk PC, bovine heart CL, bovine brain PE, bovine liver PI, cholesterol, DSPC and DMPC were from Sigma; DOPC was from Avanti Polar Lipids. Lipids were mixed (w/w ratios) and dried under nitrogen at 301C. They were then incubated with KCl buffer (125 mM KCl, 4 mM MgCl 2 , 5 mM KH 2 PO 4 , 10 mM Hepes pH 7.4) for 20 min on a rotating wheel, and completely resuspended by gentle vortexing. Five cycles of freezing in liquid nitrogen and thawing at 301C were performed. Unless otherwise stated, liposomes (500 mg per test, 1 mg/ml in KCl buffer) were incubated with recombinant His-Bax (100 nM) ± tBid (10 nM) for 30 min at 301C. Unbound proteins were removed by ultracentrifugation (30 min, 180 000 g, 101C). The pellets were then resuspended in KCl buffer; half of each pellet was kept to analyze the binding of Bax and tBid, while the other half was incubated with trypsin (0.17 mg/ml) for 2 h at 301C. Reactions were stopped with trypsin inhibitor (1.4 mg/ml, Sigma). Proteins bound to the liposomes and resistant to trypsin digestion were analyzed by immunoblotting. To test the insertion of Bax in lipid bilayers, the pellets were instead incubated with sodium carbonate (0.1 M) for 30 min on ice. After an ultracentrifugation, pellets were analyzed by immunoblotting.
Steady-state fluorescence anisotropy. Liposomes were prepared as described previously. DPH (5 mM, Sigma) was added to the mixtures, and a 30-min incubation was carried out at 301C in the dark. Samples were analyzed at RT in a Cary Eclipse Fuorimeter, scanning excitation wavelengths between 300 and 415 nm, and using an emission wavelength of 425 nm. Similarly to Aleardi et al., 22 fluorescence anisotropy was calculated from the intensities of the light emitted parallel or perpendicular to the polarization plane of the incident light, but the anisotropy was averaged between excitation wavelengths of 300 and 360 nm. Statistical significance was assessed with a paired Student's t-test.
Size exclusion chromatography. Unless otherwise stated, liposomes were incubated with recombinant His-Bax (100 nM) and tBid (10 nM) for 30 min at 301C. CHAPS was added to a final concentration of 2%, and a 1 h incubation was carried out on ice. Insoluble material was removed by centrifugation (30 min, 100 000 g, 41C), and the supernatant was loaded on a sephacryl S200 column (Amersham Pharmacia). A 130 ml run in 25 mM Hepes pH 7.5, 1% CHAPS, 2 mM DTT was performed and 2 ml fractions were recovered. The distribution of Bax was analyzed by immunoblotting. FD20 release assays. FD20 (20 mg/ml, Sigma) was entrapped in liposomes (100 mg/ml), and five cycles of freezing in liquid nitrogen and thawing at 301C were performed. Liposomes were diluted in KCl buffer, and left overnight to sediment. The supernatants were discarded and liposomes were resuspended in KCl buffer. Bax activation assays were performed as described above and the fluorescence of the supernatants recovered after the ultracentrifugation step was monitored using a Chameleon plate reader (Hidex). The fraction of FD20 released in supernatants relative to maximal release obtained with 1% Triton was calculated. Statistical significance was assessed with a paired Student's t-test.
Lipid extraction and thin-layer chromatography analysis. Lipids were extracted from isolated crude mitochondria: 2.6 vol MeOH and 1.3 vol CHCl 3 were added, samples were thoroughly vortexed and incubated on ice for 10 min. CHCl 3 (1.3 vol) and water (1.3 vol) were further added, and samples were vortexed and incubated on ice for 10 min. They were then centrifuged (5 min, 250 g, 41C) and the bottom organic phase was recovered and dried under nitrogen at 301C. Dried lipids were then resuspended in a small volume of CHCl 3 and lipids corresponding to 20 mg (for cholesterol) or 50 mg (for the other lipids) of proteins were spotted on silica gel 60 TLC plates (Merck). Cholesterol was developed with a heptane/ether/ acetic acid (18/6/2) mixture, while other phospholipids were developed with a
